Abstract. The AP2/ERF transcription factor family is one of the largest transcription factor groups in plants and it plays very important roles in growth, development, biotic and abiotic stress response. In this study, we summarized the research advances on AP2/ERF transcription factor involved in plant growth, development, stress resistance, regulation of secondary metabolites and the current research status in poplar, in order to provide reference for plant-breeding applications.
AP2/ERF in Plant Growth and Development
AP2/ERF TFs were first found from model plant Arabidopsis thaliana and proved that AP2/ERF TFs were involved in regulation of flower development [8] . The AP2/ERF TFs played roles in plant growth [9] , flower development [10] , fruit maturation [11] in further studies. The ethylene-sensitive tree peony (Paeonia suffruticosa) cultivar 'Luoyanghong' and ethylene-insensitive cultivar 'Xueying Taohua' were used to analyze the expression profiles of ERF genes in different floral tissues (petals, stamens, pistils or sepals) and in petals of different developmental stages by real-time PCR. The results suggested that, comparing to other floral tissues, transcript of PsERF1 was the most abundant in petals, which increased during development of 'Luoyanghong' cut flowers while decreased during that of 'Xueying Taohua' cut flowers, implying an important role of PsERF1 in ethylene response of tree peony cut flowers [12] . MaERF11 from Musa acuminata binds to promoters of ethylene biosynthetic gene MaACO1 and three soften-related MaEXP2/7/8 via electrophoretic mobility shift assay (EMSA) and chromatin immunoprecipitation (ChIP) analyses. DLR (dualluciferase reporter assay) showed that MaERF11 had transcriptional repression activity, and regulated ethylene biosynthesis and fruit soften through suppressing MaACO1 and MaEXP2/7/8. Yeast two-hybrid (Y2H), bimolecular fluorescence complementation (BiFC) and Co-IP (Co-Immunoprecipitation) assays all confirmed the interaction between MaERF11 and MaHDA1. This interaction demonstrated that MaERF11 and MaHDA1 formed a transcription repression complex, co-regulating MaACO1 and MaEXP2/7/8 expression, and further regulating banana fruit ripening [13] . JcDREB2 gene was cloned from Jatropha curcas. Transgenic Oryza sativa, over-expressing JcDREB2, exhibited dwarfed and GA (gibberellin)-deficient phenotypes with shorter shoots and roots than those of wild-type plants, which indicated that JcDREB2 might influence GA metabolism [14] .
AP2/ERF in Plant Stress Resistance
The growth and development of plant are influenced under stresses. The AP2/ERF transcription factors are related to stress response in plant under biotic and abiotic stresses. Up to now, AP2/ERF genes have been isolated from wheat [15] , Oryza sativa, cotton [16] , soybean [17] , maize, Arabidopsis thaliana, Brassica napus [18] , Hevea brasiliensis [19] , tobacco, grape [20] , poplar, and their functions have been analyzed.
The AP2/ERF genes are mainly induced by hormone and environmental factors, including abscisic acid (ABA) and ethylene, which are the key regulators in response to biotic and abiotic stresses. In the ABA induced signal transduction pathways, DREB which belong to the ERF family acts as an up/down regulator in downstream gene expression. In maize, both DBF1 and DBF2 bound to the rab17 DRE cis-element. DBF1 was induced by drought, salt stress and ABA, and it functions as an activator of transcription of rab17 promoter. While DBF2 was not induced by ABA treatment, its over expression not only resulted in a decrease in rab17 promoter activity, but also had down-regulated the effect of ABA [21] . Over expression of AtDREB2A could enhance the expression level of downstream drought stressresponsive genes as well as drought stress tolerance in Arabidopsis, meanwhile retarding the growth of transgenic plants [22] [23] . OsDREB1A and OsDREB1B in Oryza sativa could be induced by cold stress, while OsDREB2A was induced by drought and salt stress. Over expression of OsDREB1A could enhance transgenic plants tolerance to drought, salt and cold stress [24] . Tsi1 gene in tobacco was induced by ethylene, NaCl, and SA (salicylic acid), and also induced under water or salt treatment [25] . Tsi1 not only bound to GCC box, but also weakly bound to DRE cis-element. Besides, over expression of Tsi1 conferred resistance to salt stress and pathogen attack [26] . JcERF isolated from Jatropha curcas, was a member of ERF subfamily. Expression of the JcERF gene was rapidly induced under salinity, drought, ethylene and mechanical wounding treatments. However, no significant changes were observed under ABA treatment. Meanwhile, JcERF protein could specifically bind to the GCC box. Over expression of JcERF cDNA in transgenic Arabidopsis could enhance the tolerance to salt and cold stress [27] . AP2/ERF played different roles under different stress conditions. ERF B-3 subgroup gene OsBIERF3 from Oryza sativa was induced by ACC (l-amiocycpropane-1-carboxlate) and JA (jasmine acid). The over expression and RNAi vectors containing OsBIERF3 were constructed and then transformed into rice. The results showed the death rates of RNAi lines were significantly lower than the over-expression lines under cold stress. Height, root length and fresh weight of the over-expression seedlings were higher than the RNAi plants under high salt condition. These results indicated that OsBIERF3 positively regulated high salinity stress response but negatively regulated cold stress response in Oryza sativa [28] .
AP2/ERF in Regulation of Secondary Metabolites in Medicinal Plant
The secondary metabolites in medicinal plant are the major active constituents of plant drug. A variety of TFs have been found to be involved in metabolism and synthesis regulation of plant terpenes, flavonoids and alkaloids [29] . Studies on the synthesis and regulation of secondary metabolites in medicinal plants have attracted more attention.
The antiviral function of Isatis indigotica Fort is based on lignans compounds. TF Ii049, which was belong to AP2/ERF family and related to lignans synthesis, was obtained by screening transcriptomics and metabolomics data of Isatis indigotica Fort. The RNAi expression vector was constructed and analyzed. The results showed a significantly decreased content of lariciresinol after Ii049 gene was repressed. The results of EMSA and Y1H (yeast one-hybrid) assay further confirmed that Ii049 could regulate expression of lignans synthesis pathway genes by directly binding to the promoter and then influence the synthesis of lignans [30] . TAR1, an AP2 transcription factor, controlling the development of trichomes and the biosynthesis of artemisinin, was isolated from Artemisia annua. The content of artemisinin increased when TAR1 was over-expressed. TAR1 may be able to directly bind to amorpha-4, 11-diene synthase (ADS) and cytochrome P450 monooxygenase (CYP71AV1) in order to positively regulate the biosynthesis of artemisinin [31] . TcDREB, an ERF transcription factor from Taxus cuspidata, could bind to the promoters of taxoid 10β-hydroxylase (T10βH), Taxane 13α-hydroxylase (T13αH), taxadiene 5α-hydroxylase (T5αH) and taxadiene synthase gene (TASY) as well as methyl jasmonate (MeJA) responsive element GCC-box of TASY promoter in taxol biosynthesis pathways. These results suggested that TcDREB might be involved in taxol biosynthesis pathways of Taxus cuspidate [32] [33] . The full-length cDNA of LeERF-1 was cloned from Lithospermum erythrorhizon by rapid amplification of cDNA ends (RACE). Real-time PCR results showed that LeERF-1 was significantly down-regulated by white, blue and red light, and the inhibitory effect of red light was the weakest compared to other light conditions. These expression patterns were consistent with the content variation of shikonin and its derivatives under different light signal conditions [34] .
AP2/ERF in Poplar
As a valuable forest resource and important ecology species, poplar is also the model plant for forest physiology and genetic engineering. With the completion of genome sequencing in poplar, it has provided a genetic basis for fully understanding the molecular mechanism on stress response.
Wide genome analysis of poplar has identified 2576 TFs which can be classified into 64 different families including 200 AP2/ERF domain genes [35] . 13 expressed sequence tags (ESTs) encoding AP2/ERF domain were isolated from poplar cDNA library under drought, salt and cold stress treatment [36] . AP2/ERF gene was isolated from Populus simonii × P. nigra by cDNA-AFLP [37] . Four ERF genes were obtained from Populus deltoides × P. euramericana and all of them were located in the nucleus by PEG-mediated transformation of poplar protoplast. Four genes were predominantly expressed in leaves, while had lowest expression in the stem [38] . PtDREB2A gene was cloned from Populus tomentosa. Tissue differential expressions were detected by real-time PCR, and the results indicated that PtDREB2A transcripts had their mRNA products in roots, stems, leaves and apical shoot meristems. The PtDREB2A mRNA products were the most abundant in leaves, and the expression level was medium in stem bark and roots, but a weak expression was detected in apical shoot meristems, phloem, cambium, and xylem of stem. Meanwhile, the expression of PtDREB2A was not only induced by heat-shock, cold, drought and high-salt stress, but also by IAA (indole-3-acetic acid), NAA (1-Naphthylacetic acid), and GA3, but not by ABA. Moreover, there existed abundant SNP (single nucleotide polymorphisms) mutations in Populus tomentosa natural population [39] . JERF from Lycopersicon esculentum was transformed into Populus alba×P.berolinensis, which enhanced the salt tolerance of transgenic plants [40] . 200 AP2/ERF genes and 75 DREB genes were obtained from Populus trichocarpa by in silico cloning method, which provide gene resources for studying ERF stress tolerance mechanism [41] [42] . The temporal and spatial expression pattern of ERF76 gene was analyzed by RT-qPCR under salt stress condition. The results showed that ERF76 gene was induced by salt in leaf, stem and root tissues, and the expression level was the highest in root which was followed by leaves and stem. It reached the peak at 12h in all the tissues. The transgenic poplar lines over expressing ERF76 gene driven by CAMV35S promoter were obtained by Agrobacterium-mediated transformation method. Under salt stress condition, the plant height, root length, fresh weight, antioxidase activity, and stress responsive protection molecular content in transgenic poplar were higher than those in wild type plants. The accumulation of plant reactive oxygen species and relative electrical conductivity in transgenic poplar were lower than those in wild type. In addition, the over expression of ERF76 could improve salt tolerance. RNA-seq results also showed that partial genes in ABA and GA signal transduction pathways might be directly or indirectly regulated by ERF76 [43] [44] .
Conclusion
As one of the largest TF family in plants, AP2/ERF plays a crucial role in plant growth, development, biotic and abiotic stress response. However, the number of AP2/ERF family members is so huge that there is the problem of function interleaving and function redundancy between the members which brings challenge for further research on AP2/ERF functions. Up to now, AP2/ERF genes have been cloned from a variety of plant species and their functions have been analyzed. It has been confirmed that ERF is in involved in stress response and the over expression of ERF gene can enhance stress tolerance of receptor plants. However, it is still unclear that which protein can interact with ERF, what the characteristics of ERF downstream genes are, how ERF is involved in GA and ABA-mediated signal transduction and cross-talk signal pathways, and especially what the stress tolerance mechanism of ERF is in woody plants. These problems still need further research. With the improvement of molecular biology experimental methods, especially the application of gene editing technique, and the innovation of research approaches, researches on AP2/ERF TFs will be clearer and more distinct.
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